ABSTRACT. Regular 14C sampling of discharged air began in 1988 at Paks Nuclear Power Plant (NPP), Hungary, and in 1991 at NPPs in Krsko, Slovenia and Bohunice, Slovakia. Monitoring of 14C discharges is carried out at all NPPs with similar differential samplers continuously collecting 14C in the form of 14C02 and 14C,Hm. The main results of airborne discharge monitoring are as follows: 14C activity concentration varied roughly within a factor of two around their mean values, 125 Bq m-3 and 90 Bq m-3 for Paks and for Krsko NPP, respectively. The pattern of discharge for Bohunice NPP is slightly different from that at the other two stations. At Bohunice, there has been a continuous increase in the discharge rate at power unit Vi, Bohunice, and 0.219 for Krsko. Most of the discharged 14C is in hydrocarbon form, 95% for Paks and Bohunice V2, but the CO2 fraction may reach 25% or 43% at Bohunice V1 and Krsko, respectively. At Bohunice Vi, not only the discharge rate increased but the 14C02 ratio to the total changed from 30% to 13%. The local radiological impact is estimated to be 1.5 µSv a-1 for Paks,1.7 µSv a-1 for Bohunice, and 0.12 µSv a'1 for Krsko. The 14C excess in the environment has been measured at Paks NPP since 1989. Based on the monitoring data, the long-term average 14C excess from the Paks NPP was D14C=50%o for hydrocarbons. Tree-ring analysis has shown a slight excess around Krsko NPP: D14C is equal to 199.9%o for a tree at 1 km from the NPP compared with a "reference" one for which D14C was equal to 111.6%o (in 1994).
INTRODUCTION
The rapid disappearance of nuclear explosion-produced radiocarbon from the biosphere due to the oceanic sink is partly balanced by the 14C produced and released by the nuclear industry. The emission rate and chemical composition of the released 14C depends on the type and capacity of a given reactor. Several publications discuss various aspects of 14C production rates of nuclear installations (Levin et a1.1988; Kunz 1985; Otlet, Longley and Walker 1989; McCartney et a1.1988a; Loosli and Oeschger 1989; Hertelendi, Uchrin and Ormai 1989; Otlet, Walker and Fulker 1990;  Stenstrom et a1.1995; Milton et a1.1995) . Uchrin et al. (1992) compiled 14C discharge data for pressurized water reactor (PWR-type) nuclear power plants (NPP). The chemical forms of 14C released into the environment influence the radiological impact, and in the case of PWR-type reactors, low CO7Jtotal carbon ratios lead to significant lowering of the local doses.
METHODS
A differential 14C sampler, developed by Hungary's Institute of Isotopes together with the Institute of Nuclear Research, has been used at each NPP to obtain integrated samples for measuring 14C in chemical forms such as C02, CH4 and other hydrocarbons. The sampler makes use of two lines: in the first line, CO2 is absorbed in a trapping column filled with a 3 M NaOH solution; in the second one, CO2 plus hydrocarbons converted into CO2 by a palladium catalyst held at 600°C are absorbed together. The methane fraction is deduced by substracting the CO2 collected in the first line from the total collected in the second. For details on the sampler, see Uchrin and Hertelendi (1992 The activity of the samples was determined in most cases by liquid scintillation counting (LSC) after precipitation of CO2 in the form of BaCO3, 4 g of which was mixed with 0.8 g Cab-O-Sil® and a 20-mL toluene-based LS cocktail (5 g PPO+0.5 g dimethyl POPOP). The mass of sampled air was determined by weighing the mass of barium carbonate. The sample flow rate was set and stabilized at ca. 10 L h'1. The discrimination factor between the 14C02 and 14CTHm fractions was close to 100, and the absorption of CO2 in the 3 M NaOH solution was 99.9% when a specially designed spiral bubblertype trap was used. The typical sensitivity of LSC activity measurement was 10 mBq m'3.
The samples of lower activities were analyzed using the low-level proportional counting method (Hertelendi et a1.1989) . To extract the CO2 from the samples, concentrated sulfuric acid was added to the NaOH solution. Prior to measurement, the liberated CO2 gas was purified over charcoal. The standard deviation of a single 14C measurement is ar = ± 0.17 mBq m'3, which may be higher (0.5 mBq m'3), due to the uncertainties of sampling. High sensitivity proportional counting was used to determine the activity of environmental air and tree-ring samples.
Some relevant parameters of the investigated NPPs: in 1984 and 1985. Up until the end of 1996, the electricity generated was 11.3 GWey and 7.77 GWey for reactors type V230 and V213, respectively. The air throughput was 5.5 x i0s m3hr'1 for reactors type V213 and 4.7 x 10s m3hr'1 for V230. 3. Krsko NPP in Slovenia is a two-loop PWR supplied and constructed by Westinghouse Electrical Corp. with a capacity of 632 MW. The NPP started its commercial operation in January 1983. Until the end of 1996, the electricity generated was 6.62 GWey. The gaseous effluents are released by a stack in which the air throughput is 1.5 x 10s m3hr'1.
RESULTS
Regular 14C sampling of discharged air began in 1988 at Paks NPP (Hungary) and in 1991 at Bohunice (Slovakia) and Krsko (Slovenia) NPPs. The sampling period at Paks NPP is two weeks, whereas Bohunice and Krsko NPPs collect monthly samples. These discharge patterns are representative for the given reactor unit. The most important results are: 1) the concentrations of 14C vary slightly around their mean values except for Krsko NPP where the variation is much more pronounced; 2) the outage and maintenance periods yield significantly lower concentrations; 3) most of the 14C is released in the form of hydrocarbon and the ratio of hydrocarbon form to the total is ca. 95% at Paks NPP and at Bohunice reactor type V213, ca. 80% at Bohunice reactor type V230, and the lowest (ca. 57%) is at Krsko NPP. According to data in the literature, the ratio of GnHm to CO2 varies between 99 and 1% (Uchrin et a1.1992 ) but in most cases it is close to 90%; 4) the ratio of chemical forms to which 14C may be apportioned tends to be constant for reactor units type V213, but there is a distinct change at reactor V230 where, in 1994, this value dropped to half and remained at that level until the end of 1995 (Fig. 1B) . Figure 1(A-D) The long-term effect of 14C discharges is estimated on the basis of collective effective dose equivalent commitment (CEDEC) from a nominal unit release (1 TBq) of 14C from the nuclear industry. For our calculation, the conservative value of 141 manSv per TBq (McCartney, Baxter and Scott 1988b) was used, although a more recent publication (UNSCEAR 1993) gives lower values of 59-67 manSv per TBq release. For our calculations, we assumed that 14C released other than in CO2 will be oxidized to this form. For the methane fraction, which is the highest among the hydrocarbons released, this process is quick because its lifetime is 7.5 yr in the environment (Khalil and Rasmussen 1985) .
In the long-term radiological calculation, the full length operation of NPPs was considered.
The estimated total release of 14C from all nuclear power operations up to the year 1990 is ca. 9 PBq (NCRP 1985) , yielding a dose of 180 nSv a'1. It is estimated that by the year 2050, the individual dose due to reactor-derived 14C will reach 1.8 µSv a'1 (McCartney, Baxter and Scott 1988b) . The excess of 14C in the environmental air sampled around the Paks NPP was determined at five sampling sites using similar samplers to those used in the stacks. Sampling sites Al, A4, A6 and A8 are ca. 2 km from the 100-m-high stack. For reference, a sampler was operated at station B24 ca. 20 km from the NPP. Since 1992, monthly air samples have been taken at these five stations. The yearly average 14C excess data are given in Table 2 and illustrated in Figures 2 and 3 . form. If one averages the data collected at five sampling stations, the "natural" 14C variation can be followed for the years of monitoring (Fig. 2) . The "natural" 14C level declined at a rate of 6.4% a-1 and by a simple extrapolation this yields a half-life of 11.3 yr, which is in good agreement with the findings of Otlet et al., T=13.0 yr and T=10.3 yr (1997) .
Rings of aRobinia pseudoacacia tree were analyzed. The trees were harvested from the vicinity of the Paks and Krsko NPPs,1.7 km and ca.1 km from the release point in the prevailing wind direction at Paks and Krsko, respectively. For reference, trees taken from "clean" areas far from the NPPs were also collected and analyzed. Figure 4 shows the results of the tree-ring analysis. It can be seen that at Krsko NPP, the decline of the 14C level from 1986 is balanced by uptake due NPP releases. There is no similar observation for Paks NPP because, in addition to the low amount of 14C02 discharges, the tree-ring analysis was carried out in the early years of NPP operation. The half-life of the "natural" 14C level, based on reference to tree-ring analysis, is T=14.5 yr (Hungary 1982 -1986 ), T=15.7 yr (Slovenia 1976 -1994 and T=13.7 yr (Slovenia 1982 (Slovenia -1994 . The half-life derived from the Schauinsland station data is 11.6 yr for 1984 -1991 and 14.7 yr for 1993 -1996 (Levin and Kromer 1997 .
CONCLUSION
The 14C discharge rates from Paks and Bohunice are about four times higher than the typical Western European PWR NPP data. These higher rates may be apportioned to the higher level of nitrogen impurities in the primary coolant. The need for regular monitoring of 14C discharge is underlined by the fact that significant variation may occur, even at a given NPP, especially in the ratio of the chemical forms in which 14C is released. United Nations Scientific Committee on the Effects of
